The study describes the removal of fluoride from drinking water using activated alumina (AA). AA was modified with H 2 SO 4 , FeCl 3 and a combination of the two to enhance fluoride adsorption. The AA adsorbents were characterized using Brunauer-Emmett-Teller surface area analysis and X-ray fluorescence. The maximum adsorption capacity of H 2 SO 4 -and FeCl 3 -modified AA adsorbents was 4.98 mg/g, which is 3.4 times higher compared with that of normal AA. The results showed that the surface area of AA increased when modified with H 2 SO 4 . AA modified with FeCl 3 enhanced fluoride adsorption ability through ion-exchange between chlorine ions and fluoride ions. The fluoride adsorption properties of AA modified with both H 2 SO 4 and FeCl 3 were consistent with the Langmuir model. The fluoride adsorption kinetics of the adsorbents were well described by the pseudosecond-order kinetic model.
INTRODUCTION
Fluorine is an important trace element for humans and animals. Fluorine has both beneficial and harmful effects on the human body. Within the permissible limit, beneficial effects of fluoride for the human body include the calcification of dental enamel and maintenance of healthy bones. The excessive intake of fluoride can cause dental and skeletal forms of fluorosis, and its accumulation over a long period can also lead to changes in the DNA structure (Sehn ) . The World Health Organization has set a guideline value of 1.5 mg/L as the maximum permissible level of fluor- and inexpensive. Moreover, AA is also appropriate for largescale defluoridation due to its chemical/physical properties and bulk availability (Ghorai & Pant ) . However, the low adsorption capacity and slow rate of adsorption limit its use for treating a large quantity of water. To overcome this limit, much research has been conducted to modify AA in order to improve its adsorption capacity. For example, Maliyekkal et al. () modified AA with magnesium oxide, and Tripathy & Raichur () coated AA with manganese dioxide. Both studies reported that the adsorption capacity and adsorption rate had increased significantly with the modifications. However, these two modification methods are not appropriate for defluorination of drinking water because the AA should be calcined at high temperature.
To improve the fluoride adsorption properties of AA using some safe, simple and feasible modification methods, we studied AA modifications with three salts, FeCl 3 , Fe 2 (SO 4-) 3 , Al 2 (SO 4 ) 3 , and H 2 SO 4 . Comparing the adsorption capacity of these modified AAs, the AA modified with both H 2 SO 4 and FeCl 3 had the best adsorption capability. In this study, AA was modified with H 2 SO 4 and FeCl 3 . To achieve the optimal condition of modification with H 2 SO 4 and FeCl 3 , we conducted a series of studies including adsorption kinetics, adsorption isotherms and surface characteristics to study the adsorption properties and mechanism.
METHODS

Materials
The AA was purchased from a local plant (Gongyi Chemical Reagent Plant, Gongyi, Henan, China) and then crushed and sieved to a particle size range of 0.25-0.425 mm. All chemicals used in this study were analytical grade. Stock fluoride solution was prepared by dissolving an appropriate quantity of sodium fluoride in deionized water.
Preparation of different modified AAs
H 2 SO 4 -modified activated alumina (H 2 SO 4 -MAA)
The AA was soaked in 0.02 M H 2 SO 4 solution for 2 hours with a solid/solution ratio of 1:3. The solution was washed with deionized water until around pH 7, and dried at 110 W C for 2 hours.
FeCl 3 -modified activated alumina (FeCl 3 -MAA)
The AA was soaked in 0.1% FeCl 3 solution for 6 hours with a solid/solution ratio of 1:5. The solution was washed with deionized water until around pH 7, and dried at 110 W C for 2 hours.
The AA was soaked in 0.01 M H 2 SO 4 solution for 2 hours with a solid/solution ratio of 1:3. Then the product was washed with deionized water until pH 7, and dried at 110 W C for 2 hours. Then, H 2 SO 4 -MAA was soaked in 0.1% FeCl 3 solution for 3 hours with a solid/solution ratio of 1:10. The solution was washed with deionized water until around pH 7, and dried at 110 W C for 2 hours.
Characterization of adsorbents
The test samples were washed with deionized water and 
Batch adsorption experiments
Batch experiments were conducted in 250 mL flasks containing 100 mL fluoride solution. After adding 0.4 g adsorbents to the fluoride solution, the flasks were kept in a shaker with thermostatic control at 200 rpm and 25 W C for a specified contact time.
The amount of fluoride adsorbed was calculated using the following equation:
where q e is the adsorption capacity of the adsorbents at equilibrium (mg/g); C 0 , C e are initial and equilibrium concentration of fluoride (mg/L), respectively; V 0 is the volume of the fluoride solution (L) and m is the mass of adsorbents used in the experiments (g).
Methods of analysis
The fluoride concentration in the treated water samples was analyzed by a selective electrode method using an ion meter coupled with a fluoride ion selective electrode. Total ionic strength adjustment buffer (TISAB) was used to maintain the pH and background ion concentration. Experiments were repeated twice for better accuracy and blank experiments were conducted throughout the studies.
RESULTS AND DISCUSSION
Adsorption rate curves When the initial fluoride concentration was 5 mg/L, the remaining fluoride concentration in water defluorinated by MAA was lower than the standards for drinking water quality in China. The defluorination rate of H 2 SO 4 þ FeCl 3 -MAA reached 97% at low initial fluoride concentration, and 75%
at high fluoride concentration.
Adsorption kinetics
The reaction-based models, which include pseudo-first-order and pseudo-second-order models, were applied to fit experimental data (Ma et al. ) . Fitting results of kinetics data by two models are shown in Table 1 . The pseudofirst-order kinetic rate equation (Equation (2)) and the linear form of pseudo-second-order kinetic rate equation (Equation (3)) are represented as follows:
log (q e À q t ) ¼ log q e À k 1 2:303 t (2) 
where k 1 is the pseudo-first-order rate constant of adsorption
(1/h); k 2 is the pseudo-second-order rate constant of adsorption ((g/(mg · h)); q e and q t are the amounts of fluoride adsorbed at equilibrium (mg/g) and at time t (h), respectively. Table 1 , the R 2 values of the pseudosecond-order model (>0.99) were much higher than those of the pseudo-first-order model (<0.90), and the calculated adsorption capacity of the pseudo-second-order model was also close to the values in the experiments. These indicated the applicability of the pseudo-second-order model for adsorption kinetics of the four adsorbents in this study. For the four adsorbents tested in this study, the pseudo-second-order rate constant k 2 was low, indicating that the rate of the fluoride adsorption process was fast. We observed that the rate constant decreased with the initial fluoride concentrations.
As indicated in
Adsorption isotherms
In Figure 2 , we show the fluoride adsorption equilibrium data obtained on the four adsorbents at initial fluoride concentrations ranging from 2 to 40 mg/L. Among the four adsorbents, H 2 SO 4 þ FeCl 3 -MAA showed the highest adsorption capacity. The equilibrium data were fitted using Langmuir and Freundlich models (Tavakoli & Ghasemi ) . The values of isotherm constants and parameters are given in Table 2 .
In all cases, the coefficients (R 2 ! 0.9971) for the Langmuir plots were always higher than those obtained from the Freundlich model, thus the experimental data were better fitted using the Langmuir model. (4.98 mg/g) was 3.4 times the adsorption capacity of AA.
These indicated that the adsorption ability of H 2 SO 4 þ FeCl 3 -MAA was good.
The essential characteristics of the Langmuir isotherm, R L was used to test whether the adsorption is favorable or not. R L can be calculated by the following equation:
where C 0 is the initial solute concentration (mg/L) and b is the Langmuir adsorption equilibrium constant (L/mg).
If, R L > 1 is the unfavorable adsorption; 0 < R L < 1 is the favorable adsorption; R L ¼ 1 is the linear adsorption; R L ¼ 0 is the irreversible adsorption. The initial fluoride concentration was from 2 to 40 mg/L, and the corresponding values of R L were between 0.01 and 0.23, which indicated that the adsorption of fluoride by H 2 SO 4 þ FeCl 3 -MAA was the favorable adsorption.
Characterization of adsorbents
Fluoride adsorption capacity of adsorbents mainly depended on the crystalline form and surface properties (Bhatnagar et al. ) . The results of BET are shown in Table 3 . Table 3 , the surface area of H 2 SO 4 -MAA increased by 10.5% over that of AA. A possible cause was that impurities in pores of AA were dissolved by H 2 SO 4 .
As shown in
The number of adsorption sites on AA had increased. The surface area of FeCl 3 -MAA and H 2 SO 4 þ FeCl 3 -MAA was a little smaller than AA. These results indicated that the increase of adsorption capacity of FeCl 3 -MAA and H 2 SO 4 þ FeCl 3 -MAA was not due to the increase of surface area.
In order to compare the element contents of AA and H 2 SO 4 þ FeCl 3 -MAA before and after fluoride adsorption, the adsorbents were analyzed by XRF. The results are shown in Table 4 .
As shown in Table 4 , the amount of Cl and S increased after modification with FeCl 3 . After fluoride adsorption, the content of Cl and S on H 2 SO 4 þ FeCl 3 -MAA was significantly reduced. This indicated there may be an ionexchange reaction between Cl À or SO 4 2À and F À during the fluoride adsorption process. In order to determine which ion exchanged with F À , the ion concentrations of different adsorbents in water after adsorption were analyzed by ICP-MS. The results are shown in Table 5 .
As shown in Table 5 
CONCLUSIONS 1. The adsorption capacities of H 2 SO 4 -MAA, FeCl 3 -MAA, and H 2 SO 4 þ FeCl 3 -MAA were obviously higher than AA. The adsorption capacity increased quickly at first and then a slow increase was observed until equilibrium was reached. The fluoride content in water adsorbed by MAA was below the standards for drinking water quality in China when the initial concentration of fluoride is 5 mg/L. The equilibrium time of MAA was 8 hours at low initial fluoride and 12 hours at high initial fluoride.
The observed kinetics behavior of the three samples of MAA can be better approximated by pseudo-secondorder kinetics. The adsorption process of MAA was better fitted by the Langmuir adsorption isotherm. The maximum adsorption capacity of H 2 SO 4 þ FeCl 3 -MAA (4.98 mg/g) was 3.4 times that of AA. The adsorption process of MAA was better fitted by the Langmuir adsorption isotherm.
2. According to the results of BET, the surface area of H 2 SO 4 -MAA was higher than AA because of impurities in pores dissolved by H 2 SO 4 . The result of XRF and ICP showed that the adsorption capacity of H 2 SO 4 þ FeCl 3 -MAA significantly increased through ion-exchange between SO 4 2À and F À ions. 
